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Contamination of aromatic compounds such as pyrene is becoming a growing worldwide 
concern since these compounds are recalcitrant to bio-degrade, therefore persist longer in 
the environment. This situation is even worse when the- contamination occurs in a 
hypersaline condition. Several technologies have been developed to remove pyrene 
contamination. These include physical and chemical treatments. Generally, physical 
treatment is costly, and the chemical approaches lead to the generation of toxic by-
product waste. However, biological treatment offers an alternative option since this 
approach is relatively cheap and environmentally friendly. Overall, the goal of this study 
was to isolate and characterize halophilic bacteria that can be used in bioremediation 
strategies to remove pyrene contaminant in the saline environment. This study consisted 
of isolating halophile bacteria from contaminated areas and evaluating their ability to 
grow in various conditions of temperature (10, 25, 37 and 50)⁰C, pH (3, 5, 7 and 9), 
salinity (0, 5, 10, 15, 20)% w/v and initial pyrene concentration (1, 5, 50, 100, 1000) 
mg/l. The ability of these bacteria to grow in presence of other aromatic pollutants 
(Salicylic acid (one ring)), Naphthalene (2 rings), Phenanthrene and Anthracene (3 rings) 
was investigated also.  
xviii 
 
We isolated two bacteria stains in 10% NaCl, Idiomarina sp. 10PY1A, and Halomonas 
shengliensis 10PY2B, and one strain in 20% NaCl, Halomonas smyrnensis 20PY1A. 
These three strains could efficiently grow at alkaline conditions but at acidic conditions ( 
pH 3 and pH 5),. The doubling time of Idiomarina sp. 10PY1A, Halomonas shengliensis 
10PY2B and Halomonas smyrnensis 20PY1A at pH 7 was 26 hours, 30 hours and 24 
hours, respectively, while the doubling time at pH 9 was 25 hours, 41 hours and 20 hours, 
respectively. Furthermore, no growth for all isolated strains was observed at 50 ⁰C, and 
the optimum growth for all isolated strains was observed at 25-37 ⁰C. Moreover, all 
isolates grew in all tested salinity except salinity 0%. The optimum salinity for 
Idiomarina sp. 10PY1A, Halomonas shengliensis 10PY2B and Halomonas smyrnensis 
20PY1A was 5%, 10%, and 15%, respectively. The results also show that increase in 
pyrene concentration was associated with inhibition of growth of 3 strains. On the other 
hand, during the test of several aromatic compounds as a sole carbon source, the growth 
rate of all strains correlated negatively with the number of rings of the tested aromatic 
compounds. 
 Finally, the fastest degradation rate was observed in by Halomonas smyrnensis 20PY1A 
at 37 ⁰C and pH 7. The next step of this research work is to test the ability of theses 
strains to biodegrade pyrene in laboratory pilot scale. 








 بوديانتو فيطري :  االسم الكامل
 دراسة تدهور بيرين من قبل البكتيريا المحبة للملوحة تحت البيئات ذات العالية الملوحة :  عنوان الرسالة
 البيئيةعلوم  :  التخصص
 ديسمبر 2016/كانون األول:  تاريخ الدرجة العلمية
مثل البيرين أصبح مصدر قلق متزايد في جميع أنحاء العالم ألن هذه المركبات صعبة  التتحلل،  لتلوث من المركبات العطرية
هذا الوضع  يكون اسوء عندما يحدث التلوث بهذة المركبات في بيئات وظروف عالية   .وبالتالي تستمر لفترة أطول في البيئة
بصورة  .وتشمل هذه االمعالجات الفيزيائية والكيميائية .ركب الببيرينلقد تم تطوير العديد من التقنيات إلزالة التلوث بم .الملوحة
 عامة المعالجة الفيزيائية تعتبر مكلفة، اما المعالجة الكيميائية فانها تؤدي إلى توليد النفايات السامة من قبل المركبات الكيميائية
ان الهدف من هذه   .هج هو رخيصة نسبيا وصديقة للبيئةلذا فان المعالجة البيولوجية تقدم خيار بديل ألن هذا الن المستخدمة.
الدراسة هو عزل وتوصيف البكتريا المحبة للملوحة والتي يمكن استخدامها في استراتيجيات المعالجة البيولوجية إلزالة التلوث 
رة على تحمل نسب عالية من تتألف هذه الدراسة من عزل أصناف من البكتيريا التي لها القد .بمركب البيرين في البيئة المالحة
، ودرجة ⁰C( 50و  37، 25، 10الملح ، والتي تم عزلعا من المناطق الملوثة وتقييم قدرتها على النمو تحت ظروف مختلفة )
( ملغم 1000، 100، 50، 5، 1٪ ث / ت وتركيز بيرين األولي )(20 15، 10، 5، 0(، والملوحة )9و  7و  5و  3الحموضة )
حلقه (، 1لتحقيق أيضا في قدرة هذه البكتيريا على النمو في وجود ملوثات عطرية اخرى مثل حمض الساليسيليك )كما تم ا ./ لتر
 .( أيضا3حلقات(، فينانثرين وأنثراسين )الحلقة  2النفثالين )
Halomonas  و sp Idiomarina  10PY1A.٪ كلوريد الصوديوم، 10لقد قمنا بعزل نوعين من البكتيريا في 
shengliensi 10PY2B كلوريد الصوديوم، 20، وساللة واحدة في ٪myrnensisS. Halomonas 20PY1A  
وهذه السالالت الثالث يمكن ان تنمو في ظروف قلوية بصورة افضل ، كما يمكن أن تنمو في الظروف الحمضية،كدرجة 
 sp   Idiomarina 10PY1A  ،  Halomonas ensisshengli 10PY2B . أن الوقت المضاعفة5و  3الحموضة 
myrnensisS. Halomonas 20PY1A   ساعة، على التوالي،  24ساعة و  30ساعة،   26هي   7في درجة الحموضة
وعالوة على ذلك، لم يالحظ  .ساعة، على التوالي 20و  41،  25هي   9في حين كان االوقت المضاعفة في درجة الحموضة 
 27-⁰ 25كما تم اكتشاف ان النمو األمثل لجميع سالالت المعزولة في  ⁰ئويه . درجة م 50أي نمو لجميع سالالت معزولة في 
ساعة،  24،  ⁰28هو  37و  25و  10في درجة حرارة  sp Idiomarina   10PY1A.درجة مئوية وان الوقت المضاعف
  C 25 ⁰هي ، ف 37و  25و 10في  درجة حرارة    shengliens Halomonas 10PY2B .اما  ساعة، على التوالي 27
في درجة   0myrnensisS. Halomonas 20PY1Aاما الوقت المضاعفة .ساعة، على التوالي 30ساعة و  23ساعة، 
وعالوة على ذلك، فان جميع األنواع المعزولة لم تستطع  .ساعة، على التوالي 24و  29،   ⁰31وكان  37، 25، 10حرارة 
sp Idiomarina  10PY1A  ، shengliensis 10PY2B.مو  لالنواع ان الملوحة المثلى للن  .٪0النمو في الملوحة 
  Halomonas  و myrnensiS. Halomonas 20PY1A   كما ان زيادة تركيز  .٪ على التوالي15٪ و 10٪ و 5هي
للكربون، من ناحية أخرى، وخالل اختبار العديد من المركبات العطرية كمصدر وحيد  .البيرين لها تأثير مثبط لجميع السالالت
xx 
 
  .فإن معدل نمو جميع السالالت المعزولة لديها عالقة سلبية مع عدد الحلقات في المركبات العطرية التي تم اختبارها
 .7ودرجة الحموضة  ⁰C 37في  myrnensiS. Halomonas 20PY1A لقد كان أسرع معدل تحلل بواسطة و
هو اختبار قدرة هذه  السالالت التي تحلل البيرين  من خالل نموذج  أن الخطوة التالية والمقترحة  لتكمله هذا العمل البحثي 
 .تجريبي لمفاعل مصغر يتم عملة في المختبر
 
 





1.1 Background overview 
Polycyclic Aromatic Hydrocarbons (PAHs) are organic compounds containing two or 
more fused aromatic rings, and their recalcitrant presence in an environment leads for 
toxic, mutagenic and carcinogenic cases for living organism [1]. This pollutant performs 
photo-mutagenicity, a process allowing these PAHs to be more reactive and more 
hazardous under sunlight radiation [2]. PAHs can be classified as persistent pollutants 
staying longer in an environment due to their hydrophobic character and less relativity 
(and reduced reactivity) [3].  The source of PAHs can be natural sources such as oil 
seepage, volcano eruption and fire forest or from anthropogenic sources. An 
anthropogenic source like incomplete combustion of hydrocarbons (oil, wood), waste and 
biomass become a major source of PAH in an environment [4]. United State 
Environmental Protection Agency (USEPA) classifies 16 PAHs in the list of hazardous 
pollutants: naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, 
anthracene, fluoranthene, pyrene, benzo[a]anthracene, chrysene, benzo(b)fluoranthene, 
benzo(k)fluoranthene, benzo(a)pyrene, dibenzo(a,h)anthracene, benzo(g,h,i)perylene and 
indeno [2, 5, 6]. 
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PAHs can be classified into two groups according to their molecular weight: Low 
Molecular Weight (LMW) with 2 or 3 fused aromatic rings and High Molecular Weight 
(HMW) with 4-6 fused aromatic rings [7]. PAHs with LMW such as anthracene, 
phenanthrene, and naphthalene are more soluble in water than non-aromatic fractions of 
organic compounds like alkanes and can be easily degraded. However, PAHs with HMW 
such as benzo(a)pyrene and benzo(a)anthracene take more effort to be degraded by 
microorganisms [8]. Furthermore, PAHs genotoxicity escalates as the molecular size of 
PAH increases [9]. Moreover, the presence of PAHs has been influenced by both biotic 
and abiotic factor like chemical processes, bioaccumulation, and transformation by 
microbes (called biodegradation) [10]; this biodegradation process has been used to 
remedy the waste containing PAHs. Bioremediation is a process in which organic 
pollutant like PAHs is consumed by organisms as a carbon source however the 
mechanism of microbes to be able to degrade toxic compound remains unclear [11]. 
The archaea [11] and fungi [12] are common among microbes utilized for 
biodegradation. The gram-negative bacteria from genus: Flavobacterium, Pseudomonas, 
Bukholderia, and Sphingomonas or gram positive bacteria of genus: Bacillus, 
Mycobacterium, and Rhodococcus are commonly used for PAHs biodegradation [13, 14]. 
Those strains of bacteria were isolated from a non-saline soil sample. Unfortunately, the 
challenge of these PAHs’ decontamination processes increases by the presence of salt. 
Non-halophilic bacteria are not able to live in the hypersaline condition [15]. 
Hypersalinity leads to hyperosmotic conditions promoting plasmolysis and cell 
dehydration. Also, these conditions inhibit enzyme activity decreasing respiratory, 
growth, and reproduction rate of bacteria [16].  
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Hypersaline environments featured by high salt concentrations of > 35 g/L [17] is 
characterized by its distinctive biodiversity and physical-chemical properties [18–23]. 
This environment is constructed by two factors: natural forces inducing high salt 
conditions like the emersion in the Dead Sea [24–26] and human-made manipulation 
[27]. The examples of human activities releasing hypersaline water are desalination plant 
and oil production [21, 22]. Desalination plant produces brine in which the salt 
concentration reaches 2.5 times higher than the sea water salinity [30]. Hypersaline water 
also naturally co-exists in petroleum and natural gas reservoir and mostly becomes a by-
product of these exploration activities [31]. 
Produced water in the oil production process varied for each well. In the oil 
production, produced water is considerably large compared with the oil itself and the 
aged well is recorded to have remarkable water: oil ratio. The water to oil ratio is 
estimated at 3:1 (average) or at around 250 million barrel of produced water each day 
compared to 80 million barrel of oil produced per day. Regrettably, 5% of this 
hypersaline water is generally discarded into surface water and the others are re-injected 
to the production process [32]. Oil production by Kingdom of Saudi Arabia in 2015 
reached 10.19 million barrel per day [33]. That means over 30 thousand barrels of 
produced water are released in Saudi Arabia in each day from this activity only. This 
produced water is prosperous of hydrophobic organic compounds such as PAHs. 
1.2 Problem statement 
Since the kingdom has run the oil industry, the pollution of organic compounds is 
unavoidable. The demand of the kingdom for a green method that scientifically proven in 
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reducing organic pollutants is substantial [34]. Massive technologies to encounter the 
pollution are installed throughout the industrial areas in the Kingdom [35]. Such 
pollutants in hypersaline conditions, mostly from produced water during oil exploration, 
grants distinguished challenge in the treatment. Chemical compounds inside this 
produced water like PAHs render a hazard to the environment [36]. Physical and 
chemical treatment offer successful outcome in reducing PAHs, however, an expensive 
capital for operation and technology become inevitable drawback [37, 38]. The biological 
agent provides a rewarding alternative by declining cost and minimizing waste [15, 39]. 
A hypersaline condition delivers an obstacle for a microorganism to live. Only 
specific bacteria exist in such condition. The unique biodiversity of microbes living in the 
hypersaline environment, called halophile, give distinctive approach on biodegradation 
process. Yet, the study of halophilic bacteria in the kingdom is limited especially in its 
application in dealing with PAHs pollution. This research aims at studying 
biodegradation of pyrene, an HMW PAH. In many types of research, pyrene becomes a 
model for studying HMW PAHs due to its close character with other carcinogenic HMW 
PAHs [40]. In addition, the selection of pyrene as an object of study falls to the presence 
of pyrene in water produced from the oil industry.  
1.3 Objectives 
The main objective of this research is to find halophilic bacteria that have the ability to 
degrade pyrene under hypersaline environment. Some specific objectives have been 
proposed to fulfill the main objectives which are to: 
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1. Isolate a strain of bacteria from petroleum contaminated soil samples that have the 
ability to degrade pyrene at high salinity medium  
2. Identify isolated halophile bacteria species using 16S RNA sequences and 
construct the bacteria Phylogenic tree. 
3. Characterize the morphology of bacteria species using light microscopy and 
Scanning Electron Microscope (SEM). 
4. Study the effect of various conditions: temperature (10, 25, 37 and 50 oC), pH (3, 
5, 7, and 9), salinity (0, 5, 10, 15, and 20 % NaCl), initial pyrene concentration (1, 
5, 50, 100, and 1000 ppm) on the ability of isolated strains to degrade pyrene also 
to quantify pyrene concentration during biodegradation process using GC. Also, 
to test the ability of strains to grow in different aromatic compounds (salicylic 












2.1 Arabian Gulf: A potential habitat to discover halophilic bacteria 
degrading organic compound 
 
Arabian Gulf (AG) is a semi-closed water, an extension of Indian Ocean in an arid region 
[41]. The location is challenging AG with high evaporation rate, low precipitation, and 
low freshwater intake, leading AG to have high salinity [42]. The evaporation rate is 
exceeding 2 m/year with a precipitation rate of 0.15 m/year and river discharge of 0.15-
0.19 m/year [43]. The highest evaporation rate develops during summer especially near 
coastal zone and the northern part of AG [44]. The real measurement of salinity is 
exceeding 40 psu, higher than average global sea water salinity which is about 35 psu 
[45] and the salinity of the southern part of AG was reported to be up to 70 psu [46].  
Another unique character of AG is the salinity, which differs between summer and winter 
(Figure 1).  
 
 
Figure 1. The salinity of seawater in AG during summer and winter [47] 
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Many research efforts have been conducted in AG as a naturally stressful area 
[48–51]. Many anthropogenic activities potentially release pollutant into AG. Industrial 
waste, domestic waste, mining, smelting, wastewater discharge, shipping activities 
become major sources of anthropogenic pollution [52], yet the oil spill in 1991 deeply 
spoiled the gulf [53]. The oil spill in 1991 is considered as the largest oil spill in the 
history with 11 million barrel of oil were intentionally released into AG from its source in 
Kuwait [54]. Half of this spill was drifted into an open sea and the rest was retarded, 
moreover, it took more than half a year for this oil to disappear. The retarded part 
interfered to 600 km southward to Saudi coastal line with difference consequences [55]. 
Only, 1,163,000 barrels of oil could be recovered from water surface behind Abu Ali 
Island, North of Jubail, Saudi Arabia and required about $210-450 million just for 
cleaning up [54]. Mortality and devastation of biodiversity by 50% to 100% was reported 
[56]. This oil took a long period of recovery, even for years the oil still remain in 
sediment and the adverse effects occur [57–59]. 
The natural or anthropogenic pressure in AG inflicts selection to organisms. 
Microbes may sustain in this harsh environment. The pressure of organic pollutant and 
high salinity converge some bacteria which sustain in a high saline environment. Thukair 
et al. [60] reported that cyanobacteria can live in a mat at extreme of different 
temperatures, salinity and desiccation periods. Furthermore, a previous study successfully 
isolated the oil-degraded halophilic, Halomonas aquamarina and Alteromonas macleodii 




2.2 Produced water: One of hypersaline source containing organic 
pollutants 
 
Produced water as a side product of oil and gas industry contains a mixture of organic 
and inorganic compounds. These compounds are classified in five categories: dissolved 
and dispersed oil compounds (contains PAHs), dissolved minerals, production chemical 
compounds (antifoam, emulsion beaker), producing solid (bacteria, waxes), and dissolved 
gas (CO2, H2S). BTEX (benzene, toluene, ethyl benzene, xylenes), MTBE (methyl tert-
butyl ether). The aromatic part of dissolved oil which is toxic to an environment cannot 
be removed completely by oil/water separation techniques. Produced water also contains 
inorganic compounds like anion, cation and heavy metal, which are hazardous to 
organisms. In addition, some chemicals which are injected into the well to support oil 
extraction like linear alkyl benzene sulfonate (LAS) and 2-alkyl-1-[N-ethylalkylamide]-
2-imdazolines are released to an environment by produced water’s stream. Since the oil 
production extracted materials from the ground reservoir, solid compartments such as 
bacteria, waxes, and asphaltenes are lifted to the surface and thus released to the 
environment via produced water’s stream [62].  
Several techniques have been established to treat produced water prior to its 
discharge to the environment. Physical, chemical and biological processes have been 
adopted as basic principles of produced water treatment [62]. Adsorption [63] and 
filtration have been well adapted to physical treatment for produced water. Coagulant 
[64], resin, zeolite, modified zeolite, organo-clay, activated sludge, carbonaceous 
substances, and carbon active, are adsorbents that widely use to remove organic 
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compounds in produced water [65–72]. Electrochemical technology [73], electrodialysis, 
carbon aerogel-based capacitive deionization technology, macro porous polymer 
extraction, nanofiltration and reverse osmosis membrane have been developed [74–78]. 
However, these technologies faced several problems such as they are able to remove 
certain types of compounds only, like ions or metals. In addition, the performance of 
instrument has been influenced by high salinity, temperature, pH and the concentration of 
solid material. Beside, membrane and nano-filter technologies are expensive. Another 
difficulty in these techniques is the generation of chemical waste after use [62]. 
Biological treatment offers solutions to minimize the waste of the process [79–81]. The 
produced water is purposing to be conveniently treated by natural agents like bacteria. 
Biological activities are capable of treating produced water, however, for normal bacteria, 
the efficiency reduced when salinity increased [82].  
 
2.3 Pyrene: A persistent Polycyclic Aromatic Hydrocarbon 
 
Polycyclic aromatic hydrocarbons (PAHs) are organic compound generated from 
incomplete oxidation or high-pressure processes of complex organic substances. Mostly, 
PAHs are insoluble in water nevertheless sparingly soluble in organic solvent. In 
addition, PAHs show low volatility promoting these substances to be a solid at room 
temperature. Due to their low solubility in water, PAHs concentrations in water are 
considered low and tend to be accumulated in sediment. PAHs become environment and 
health concern regarding their toxicity effect on organisms including human. The major 
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factor controlling PAHs toxicity is the formation of reactive metabolites, thus different 
type of PAHs exhibit different toxicity [83].  
The PAHs’ physicochemical properties and toxicity rank are summarized in Table 
1. The potency of PAHs compound to be degraded by natural agents like microorganisms 
has been shown to be affected by the molecular weight of the compound itself. There is 
an evidence of a significantly positive correlation between molecular weight and the half-
life of PAHs compounds in an environment [84]. Pyrene, a PAH-containing four fused 
benzene rings, has a molecular weight of 202.2506 g/mol and solubility of about 0.135 
mg/L in water making this compound less soluble than LMW PAHs [85]. USEPA 
reported that there were no enough evidence to classify pyrene as carcinogen substance 
[86]. However, several regulations were established regarding pyrene concentration in 
drinking water: 210 µg/L (Florida); 200 µg/L (Minnesota); 250 µg/L (Wisconsin) [85].  
Pyrene is released into an environment as a waste from an incomplete combustion 
of organic complexes, cigarette smoke, coal, oil and wood-burning stove. In the 
atmosphere, pyrene can be found as vapor and particulate phase. Vapor-phase pyrene can 
be degraded by the photochemical reaction and show half-life for 8 hours. The 
particulate-phase of pyrene is removed from the atmosphere by wet and dry deposition. 
Pyrene is well absorbed in soil and the biodegradation rate is considered slow with half-
life reaching up to several years. Pyrene can be found in particulate material and 
sediment in the water column [85]. 
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Table 1. The physical character, carcinogenic potency and toxicity rank of 16 PAHs as 
USEPA’s list for organic hazardous pollutant [5]  




Classification Toxicity rank 
Naphthalene 
 
128 31.7 USEPA : D 




152 16.1 USEPA : D 




154 3.9 USEPA: N/A 









178 1.15 USEPA: D 




178 0.043 to 0.075 USEPA: D 






 USEPA: D 




202 0.135 USEPA: D 






 USEPA: B2 

















 USEPA: B2 




 USEPA: B2 61 
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 USEPA: B2 






 USEPA: D 






 USEPA: B2 





Aqueous solubility at room temperature (mg/L) 
USEPA, U.S. Environmental Protection Agency:          
B2    : probable human carcinogen;  
D      : not classifiable. 
IARC, International Agency for Research on Cancer:    
2A    : Probable human carcinogen;  
2B    : Possible Human Carcinogen;  
3       : Not classifiable 
N/A  : data not available 
 
a
 reference [31] and [32] 
 
 
2.4 Halophilic Bacteria 
2.4.1 Phylogenic tree of halophilic bacteria 
Microorganisms can be grouped by the requirement of salt concentration as: non-
halophiles (less than 0.2 M NaCl); halotolerant or slight halophiles (0.2-0.5 M NaCl); 
moderate halophile (0.5-2.5 M NaCl); and extreme halophile (2.5-5.5 M NaCl) [88]. The 
term halophilic belongs to all microorganisms that sustain and live under saline 
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environment [89] including Bacteria, Archaea, and Eukaryote (Figure 2). This term is 
also becoming new taxa and a new name in the microbial taxonomy [90]. The order of 
Halobacteriales, in the domain of Archaea, holds one family, Halobacteriaceae 
consisting all gram-negative halophilic organism with 36 genera and 129 species [91–93]. 
The discovery of this first halophilic organism under halobacteriaceae was over 100 
years ago by the study of the red, purple and pink color of the aquatic environment [94].  
 
Figure 2. Phylogeny tree based on rRNA analysis for the distribution of the halophilic 
organism. The box indicates the groups having at least one representative of 
the halophilic organism [95]. 
The class of Gammaproteobacteria is the richest class among phylum 
Proteobacteria, consist of more than 250 genera. This class is very important especially in 
medical and health issues due to some pathogens belong to this class such as Escherichia, 
Vibrio, Salmonella, Yersinia and Pseudomonas [96-97]. Gammaproteobacteria was 
divided into 10 orders: Enterobacteriales, Pasteurellales, Vibrionales, Alteromonadales, 
Pseudomonadales, Oceanospirillales, Thiotrichales, Legionellales, Chomatiales, 
Xanthomonadales [96].  
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Most of the halophilic bacteria are aerobic or methanogenic, however, 
fermentative halophiles are very rare, consist of only 25 species [98]. The fermentative 
halophiles have been found only in Phylum of Firmicutes, a class of Clostridia, the order 
of Halanaerobiales. The fermentative halophiles are used in catalysis of lactose in 
bioprocess industry [98]. 
The biodegradation of PAHs by aerobic bacteria involves monooxygenase or 
dioxygenase by adding atomic oxygen into the aromatic ring and transform the ring to 
central intermediates like catechol and protocatechuate. The intermediates then are 
cleaved by ortho- or meta- dioxygenases such as Catechol 2,3-dioxygenase to make 
intermediary metabolites like acetyl Co-A, succinyl Co-A, and pyruvate to be fed to 
Krebs cycle [99]. The degradation of pyrene by Mycobacterium. Vanbalenii PYR-1 
involves 27 enzymes to transform pyrene to acetyl Co-A and succinyl Co-A: 14 enzymes 
are responsible for cleaving pyrene to a phthalate, 6 responsible for degrading phthalate 
to protocatechuate and 7 enzymes to transform protocatechuate to acetyl Co-A and 
succinyl Co-A [100]. 
2.4.2 Morphology and Physiology of Halophiles  
The extreme halophiles are very diverse in morphology: flat, discs (Halococccus), 
triangles (Haloarcula), rectangles (Halobacterium), rods or even cocci; also some of 
them are immotile either gram positive or gram negative [101]. The halophiles which 
belong to halobacteriaceae are unique based on their dependence of salt, all of the species 
in this family cannot survive in fresh water [91]. Halophilic bacteria possess unique 
characters enabling them to survive in the high concentrations of salt. First, halophilic 
bacteria exhibit highly negative surface charge of halophile proteins. This condition 
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allows them to be more flexible at high concentrations of salt in which non-halophile 
bacteria become an aggregate and stiff. Second, the activity and stability of most 
halophile’s enzyme positively correlate with salt concentration [88].  
Moreover, halophiles adapted two osmoregulation strategies to be able to live in 







surrounding environment, the second is accumulation or synthesizing specific organic 
osmolytes (amino acid and sugar) within its cytoplasm. Halophilic bacteria regulate their 
inner Na
+




 antiporters and they preserve the balance between 
inside and outside salt concentration by maintaining K
+
 influx [88]. Also, halophilic 
bacteria are able to accumulate solute from their environment or produce those solute 
such as sugars, amino acids, glycine betaine, trehalose, and ectoine [102]. These two 
strategies are to maintain the osmotic pressure between inside and outside of the cell 
[103]. The second type of strategy by accumulating organic osmolytes is mainly used by 
most of the halophiles due to the less adaptation of organelles of the cell to non-organic 
ion and high salt concentration [103].  
2.4.3 The Novel Industrial Application of Halophiles  
Halophiles become prevalent agents in industries as its survival in the saline 
environment. The utilization of these halophiles spread from energy issue, bacteria by-
product industry until environmental issue (Table 2). The choice mostly falls to the cost 
efficiency in bioprocess. Within an industry utilizing bioprocess as the main core, the 
contamination becomes a great threat and non-economical procedure often applies to 
encounter the contamination. However, the contamination is scant in the very selective 
environment like hypersaline condition. Halophiles which sustain in hypersaline 
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condition become the only choice to make bioprocess industry compete with chemical 
industry [98, 104].   
The adaptability of halophiles in hypersaline environment frequently stimulates 
them to excrete biochemical such as enzyme, bio-surfactant or bio-polymer [105–110]. 
For example, the strain of Marinobacter sp. GA CAS9 was used to synthesize alkaline 
protease [111]. Moreover, the biomass from halophile can be treated as a raw material in 
the industry of energy alternative [112]. The coming prospect of halophile is the 
utilization in environmental issues. Many studies proofed the ability of halophiles in 
degrading pollutants [16, 113, 114], especially organic compounds such as PAHs. Piubeli 
et al. [115] reported the ability of Halomonas sp. to reduce phenol, benzoic acid, and 
para-hydroxybenzoic acid and the capability of the strain to degrade those pollutants 
enhanced with the addition of nitrogen, phosphorus, and other carbon sources.   
Opposing the limitation study of pyrene degradation by halophilic bacteria, 
numerous studies have been done to understand another type of bacteria to degrade 
pyrene in non-saline condition [116]–[123]. Mycobacterium sp. strain A1-PYR, Bacilus 
subtilis, Mycobacterium vanbaaleni,  and soil bacteria Acinetobacter strain USTB-X 
were able to grow in pyrene [124–127]. The family Halomonadaceae of order 
Oceanospirillales [128] and family Idiomarinaceae of order Alteromodales [129] are also 
utilized in environmental issue. 
Table 2. The application of halophiles in many industrial sectors 
Application Product Strain NaCl  Reference 
Bio-surfactant 
production 













































Protease Marinobacter sp. GA 
CAS9 











Denitrification Vibrio diabolicus 3% [113] 
Nutrient removal Zunongwangia profunda 4-
10% 
[114] 

















Haloarcula 20% [134] 
COD and phenol 
reduction 
Halomonas sp. 10% [115] 
Benzene 
degradation 
Arhodomonas sp. Strain 
Seminole, Arhodomonas 
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2.5 Biodegradation of pyrene   
 
Studies of the biodegradation of pyrene by halophilic bacteria are demanding additional 
efforts because of the limitation of information, especially in the Kingdom of Saudi 
Arabia (Table 3). Most of the study of halophilic bacteria in biodegradation of pyrene is 
limited to aerobic group belonging to gram-negative halophilic bacteria of a family of 
Halobacteriaceae [1, 32]. Furthermore, the study of pyrene degradation in the Kingdom 
of Saudi Arabia by halophilic bacteria is very limited. Two publications by Life Science 
Department, King Fahd University of Petroleum and Minerals on pyrene degradation 
were found, however, these studies were on non-halophilic bacteria [121, 136]. 
Erdogmus et al. [1] studied the isolates of Halorubacterium piscisalsi, 
Halorubrum ezzemoulense, Halobacterium salinarum, Haloarcula hispanica, Haloferax 
sp., Halorubrum sp., and Haloarcula sp., and found that they were capable of degrading 
pyrene at 160 ppm. However, none of these isolates could survive at 200 ppm of pyrene. 
In addition, these isolates showed promising outcome in degrading other aromatic 
compounds, such as p-hydroxy-benzoic acid, naphthalene, and phenanthrene evident by 
the growth in these compounds at concentration 200 ppm of concentration [1]. The 
difficulty in degrading pyrene when used as the only carbon source was also illustrated 
(pyrene above certain concentration also inhibits growth) [1].  
The growth of bacteria can be enhanced by adding supplementary compounds like 
yeast extract and compost. Bonfá et al. [32] observed the enhanced growth of Haloferax 
alexandrius strain KCTC 12962 and Haloferax sp. CS1-9 in the mixture of pyrene, 
naphthalene, anthracene, phenanthrene, benzo(a)anthracene with an addition of yeast 
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extract. Arulazhagan and Basudevan [9] reported the difference of degradability of 
pyrene under consortium and single strain treatment. The consortium of moderately 
halophilic bacteria like Ochobactrum sp., Enterobacter cloacae, Stenotrophomonas 
maltophilia gave good results for pyrene, benzo(a)pyrene and LMW PAHs degradation. 
This study also described the limitation of pyrene degradation: the initial concentration of 
pyrene. The degradability of pyrene is stranded by the increase of initial pyrene 
concentration. Moreover, in situ experiment by Sharma et al. [14] in soil contaminated 
sites explained the half-life of fluorine, phenanthrene, anthracene, and pyrene decreased 
by the addition of compost to soil site.  
Table 3. The application of microbes either halophiles or non-halophiles in degrading 
PAHs 
Origin of sample NaCl 
(%) 
PAHs Bacteria Ref 
Halophilic bacteria 
brine 20 pyrene,  
phenanthrene,  
naphthalene,  





























Pseudomonas sp. [138] 
water 3 phenanthrene,  
fluorene,  
Ochrobactrum;  
Enterobacter cloacae,  
[9] 
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benzo(a)pyrene  Stenotraphomonas 
maltophilia 
sea water 3-9 phenanthrene,  
benzo(a)pyrene 
Achromobacter; 
 Marinobacter,  
Rhodanobacter 
[3] 
soil 0.1-15 anthracene Martelella [31] 
sediment 20 p-hydroxy benzoic acid Haloferax sp. [139] 
water 22.5 phenanthrene,  
dibenzothiophene,  
anthracene 










sediment 6- 23 crude oil,  
phenanthrene,  
octadecane 
Open circles Haloferax sp. 
Closed circles Haloferax sp. 
open triangles 
Halobacterium sp. 
closed triangles Halococcus 
[11] 
None (no information about) halophilic bacteria 
petroleum 
refinery waste 




Arthrobacter sp. UG50 [116] 





sediment, water - Phenanthrene 
 naphthalene 
Vibrio parahaemolyticus [118] 
- - naphthalene Marinobacter strain 
NCE312 
[119] 
soil - mixed PAHs Pseudomonas strain MTS-1 
Stenotrophonas strain MTS-
2 Agrobacterium strain 
MTS-4 
[120] 
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 Trabulsiella strain MTS-6 
Cupriavidus strain MTS-7 
Pseudumonas strain KC3 
Bacillus strain KC5 
- - pyrene Mycobacterium vanbaalenii [125] 
oil contaminated 
site 
- pyrene Burkholderia fungorum 
 Caulobacter sp. T2A12002 
[121] 




Acinobacter strain USTB-X [127] 
soil - pyrene 
benzo(a)pyrene 
Bacillus subtilis [126] 











2.6 The limitation of pyrene degradation by Halophilic bacteria 
The challenge of degrading pyrene is increasing by the presence of salt in the pyrene-
containing environment. At least two major factors deeply influence the success of 
degrading pyrene in an environment by halophilic. The first factor is the availability of 
oxygen [13, 137]. In aerobic biodegradation process, less oxygen concentration in 
sediment bed reduces the biodegradation rate of bacteria [13]. However, in microcosm 
study, pyrene degradation could be done by Pseudomonas floresens under anaerobic 
condition even the rate was slower than aerobic condition [143]. The second factor that 
influences degradation of pyrene is the less bioavailability of HMW PAHs in the 
presence of salt. Chemically, the HMW PAHs are sparingly soluble in water. Hence, the 
presence of salt in hypersaline condition increases the insolubility, called “salting out” 
phenomena, making the HMW PAHs even less soluble in water and thus tend to 
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precipitate in solid form [144]. This very low solubility of this compound is addressing 
impediment of a biological agent for getting access to carbon source and degrading the 
compound [145].  
Several preferences have been addressed to overcome this obstacle, thus restricting 
the growth of bacteria, for example, the use of consortium rather than a single strain 
bacterium. Many studies reported the superiority of consortium by synergistic effect 
among strains over a single strain bacterium in degrading pyrene. Sharma et al. described 
that 7-28% of pyrene could be degraded within 7 days by S. marcescens L-11, S. rochei 
PAH-13, P. chrysosporium VV-18, acted as a single strain, however, these three strains 
acted as a concert were capable of eliminating 39.2% of pyrene [14]. Hence, the 
consortium of Pseudomonas strain MTS-1, Stenotrophomonas strain MTS-2, 
Agrobacterium strain MTS-4, Trabulsiella strain MTS-6, Cupriavidus strain MTS-7, 
Pseudomonas strain KC3 and Bacillus strain KC5 was able to degrade pyrene 18-40% 
greater and faster than those strains acted as a single bacterium [120]. Another approach 
to overcoming the slow growth of bacteria in an elevated concentration of salt is the 
addition of surfactant to reduce the hydrophobicity. Some halophilic bacteria produce 
biosurfactant during its utilization of PAHs or other hydrocarbons. Shewanella alga, 
Thalassospira sp., Idiomarina sp., [146] and Bacillus licheniformis [147] produced 
biosurfactant during its growth under the presence of hydrocarbon. The extracellular 
surfactant produced by bacteria increases the formation of droplet affecting the stability 
of the water-hydrocarbon emulsion, therefore, improving the mass transfer between 
hydrocarbon and water. The ultimate result is the intensification of bacteria uptake over 
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hydrocarbon [148]. The process could be manipulated by adding the synthetic surfactant, 
however, some synthetic surfactant may be toxic to bacteria [149]. 
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CHAPTER 3 
MATERIAL AND METHODS 
In order to meet the objectives of the proposed work, the following methodology was 
performed. The first step was to enrich halophilic bacteria by culturing petroleum-
contaminated soil samples in the presence of pyrene as a sole source of carbon. This 
isolation was carried out in high salinity (10, 20 and 25 % w/v of NaCl) in a minimum 
mineral medium. The isolated strain was identified by either morphology or molecular 
analysis. Thereafter, the ability of each strain in biodegrading pyrene would be 
investigated by observing the growth and residual concentration of pyrene. The detailed 
methodology is summarized in Figure 3.  
 
Figure 3. The performed methodology in this experiment 
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3.1 The Origin of sample 
The petroleum contaminated soil sample was collected from Jubail area within the 
geographical position of 27°06ʹ46.53ʺ N 49°22ʹ24.53ʺ E (Figure 4). 
 
Figure 4. The sampling point of petroleum contaminated soil sample.  
3.2 Preparation of the media 
Bushnell-Haas medium was prepared for enrichment and isolation of halophilic bacteria 
capable of degrading pyrene [150]. Bushnell-Haas (BH) is a common medium, minimum 
mineral medium, used for microbiological degradation of hydrocarbon. The composition 
of BH was as follows: 0.2 g/L magnesium sulphate (MgSO4), 0.02 g/L calcium chloride 
(CaCl2), 1 g/L monopotassium phosphate (KH2PO4), 1 g/L dipotassium phosphate 
(K2HPO4), 1 g/L ammonium nitrate (NH4NO3), 0.05 g/L ferric chloride (FeCl3). During 
the enrichment, the salt concentration would be varied at 10%, and 20% of NaCl. The 
media was autoclaved for 4 hours at 121⁰C for sterilization prior to being used. 
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3.3 Enrichment and isolation of bacteria 
The enrichment and isolation of halophiles used in this study were developed from 
Gomes et al. [130]. An aerobic enrichment culture was prepared in volumetric flask 
contained with 0.1% (w/v) pyrene as a carbon source in 100 mL BH media. 1 gram 
samples were added into media in the proportion of 1:100 (w/v) and the salinity was 
varied by 10, 20 and 25% of NaCl. Cultures were incubated in aerobic condition at 37 ºC 
on a rotary shaker at 100 rpm for 21 days. The sample underwent 3 times of transfers 
prior the isolation of bacteria onto the solid medium. During the transfer, the growth of 
bacteria was measured by bacteria Optical Density methods (OD600=1). The isolation was 
conducted by streaking the culture onto solid media in the similar composition. The 
plates then were kept at 37ºC until the growth of bacteria was observed. The certain 
colony of bacteria was transferred to another pyrene + BH solid medium then the solid 
medium was incubated until the growth. This process in transferring single colony was 
repeated until the single colony observed, at least 5 times of transfer during this study. 
The last step of isolation was cryopreserved those single colony on solid media. 
3.4 Morphological characterization of isolates  
3.4.1 Morphological characterization of isolates by light microscopy 
Colony shape was analyzed using light-microscope. This step involved culture 
preparation followed by microscopy procedure [127]. First, the isolated strains were 
streaked onto nutrient agar plates. Then the agars were incubated within 48 hours at 37ºC. 
Second, after the growth was observed, colonies’ form, elevation, and margin were 
inspected under dissecting microscope. Third, the cellular identification was conducted 
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after heat fixing of isolates on glass slides using Zeiss Imager D2 compound light 
microscope equipped with AxioCam MRc camera and Axio Vision software. 
3.4.2 Morphological characterization of isolates by Electron Microscopy 
The morphological characterization of isolates was performed using Scanning Electron 
Microscope JEOL at accelerating voltage of 10 keV. The preparation of samples for 
electron microscopy utilized fixation and dehydration principal. The isolated strains used 
for identification were wet-mount cultures after 48 hours incubation at 37 ºC. The isolates 
were prepared by fixation onto glass slides utilizing 2.5% of formaldehyde [151, 152]. 
The sample was harvested directly from an agar plate, flooding the surface of agar plate 
by 2.5% formaldehyde in distilled water. The mixture of the sample then underwent 
dilution of 100 fold. Thereafter, a drop of the sample with formaldehyde-fixed onto 
slide’s surface, the isolates were dehydrated by series of ethanol concentration (10, 25, 
50, 70, 96 and 100%). Then the gold-coated sample was placed onto aluminum foil disk 
and was examined under SEM under dried air condition[152–154]. 
3.5 Molecular identification of isolates 
The molecular identification procedure was adopted from Nzila et al. [155]. The 16S 
rRNA analysis was performed by the company Royal Life Science, Pvt. Ltd., 
Secunderabab, India. The main process of characterization of bacteria involves two main 
steps, first is DNA extraction and second is RNA amplification. The sample in agar 
media was prepared wet-mount to be sent to a company.   
The amplification of 16S rRNA gene utilized the obtained-DNA supernatant. 2 
primers were used in polymerase chain reaction for amplification of 16S rRNA gene: 
 28   
 
Primer 27F (AGAGTTTGATCMTGGCTCAG), and 1492R 
(TACGGYTACCTTGTTACGACTT). The following were the procedure of PCR 
program: 35 amplification cycles at 94ºC for 45 sec, 55ºC for 60 sec and 72ºC for 60 sec. 
The generated 16S rRNA gene then was sequenced using Big Dey terminator circle 
sequencing kit (Applied BioSystems, USA) utilizing two primers: 
518F(CCAGCAGCCGCGGTAATACG) and 800R (TACCAGGGTATCTAATCC) then 
the sequence was encoded by an automated DNA sequencing system (Applied 
BioSystems model 3730XL, USA). Afterward, The BLASTIN facility of the National 
Center for Biotechnology Information was used to identify the sequence of 16S rRNA 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) [153, 96]. 
3.6 Phylogenic analysis of bacteria isolates 
The construction of phylogenic tree was performed using MEGA7.0.14 software. The 
sequence of 16S rRNA was aligned using ClustalW [156], then the strength of the 
relationship was evaluated by boot-strap analysis using 1000 replicates of the neighbour-
joining data for tree topography. The evolutionary distance was computed using the 
Kitamura 2-parameter method [148], [150]–[152].  
3.7 The observation of strains growth under the presence of pyrene 
The ability of isolated strains to grow in the presence of pyrene was assessed using 
bacteria count methods every 3 days. In brief, the isolated strain of halophilic bacteria 
from the BH agar was transferred into the mix solution of 2.5 mg of pyrene in 50 mL BH 
media. Then, the growth of bacteria was observed [150]. The salt concentration of media 
was varied by 10% and 20%. The temperature was varied by 10, 25, 37, and 50ºC. The 
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addition of pyrene was varied by 0.05, 0.25, 2.5, 5, 50 mg per 50 mL of BH media. The 
standardization of initial bacteria was performed by initial OD (1 mL of culture) of 0.8-1 
(around 10
7
 CFU/mL). The growth of bacteria was observed over 18 days in the presence 
of 2.5 mg
 
pyrene in 50 mL of BH medium as initial concentration and the growth will be 
observed by bacteria count (modified from [32]). Pyrene as carbon source was dissolved 
with dimethyl sulfoxide prior the addition into medium and the dimethyl sulfoxide was 
evaporated prior the addition of culture. Non-inoculated controls were prepared and 
treated under the same conditions. In extended experiment, salinity was varied by 0, 5, 
10, 15, 20% w/v NaCl. The other aromatic compounds were tested also: Salicylic acid (1 
ring); Naphthalene (2 rings); Phenanthrene (3 rings), Anthracene (3 rings). During these 2 
experiments, the temperature and pH were adjusted to 37 ⁰C and 7, respectively. 
3.8 Quantification of pyrene biodegradation by halophilic bacteria 
The quantification of residual pyrene concentration during degradation process by 
halophilic bacteria was executed using liquid-liquid extraction followed by the GC-MS 
procedure. The experiments were carried out within the respective salinity: The strains 
isolated in 10% salinity were tested in 10% of salinity and the strain isolated in 20% 
salinity was incubated in medium with 20% of salinity. The experiments were conducted 
in a standard condition in which the pH of media was adjusted at 7±0.1 and temperature 
was set at 37±0.1⁰C. The duplication of the experiment was undertaken to ensure 
precision of the experiment. The control (non-inoculated sample) was passing through the 
similar protocol.  
A set of experiment was prepared for 18 days period of incubation and every 3 
days the sample was extracted. Consequently, 7 flasks were prepared for samples with 
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inoculum and 7 flasks were prepared for abiotic control. For each flask, 0.5% (w/v) of 
pyrene (in dimethyl sulfoxide) was added into 49 mL of BH medium to make a final 
solution containing 2.5 mg of pyrene per 50 mL of BH medium. Dimethyl sulfoxide is 
capable to dissolved pyrene [160] and decreases the surface tension of dissolved pyrene 
enhancing the bioavailability [161]. For sample flasks, 1 ml of isolates with OD of 0.8-1 
was added into prepared BH media. Within the scheduled period of incubation, the 
respective sample was extracted thru 30 minutes of sonication followed by 5 minutes of 
liquid-liquid extraction using acetyl acetate (GC grade). 1.5 mL of extract was 
experienced room-temperature evaporation. The remaining chemical was re-dissolved 
using chloroform (GC grade) prior injection into GC-MS.  
The last step is the injection of samples into GC-MS. Gas Chromatography-Mass 
Spectrometry (GC-MS) was used to measure the pyrene concentration with the following 
GC Temperature program: 
1. Initial temperature: 55 ⁰C for 15 minutes 
2. Ramp 1: temperature increase of 6 ⁰C/min until 250 ⁰C within 10 minutes 
3. Ramp 2: holding temperature at 290 ⁰C for 15 minutes 
During the analysis, the mass spectrum of compounds would be detected by mass 
spectrometer sensor and the chromatogram was build. The mass spectrum of pyrene was 
detected after the retention time of 47.59 minutes. The peak area from the chromatogram 
was analyzed to calculate the pyrene concentration. The control would be analyzing in 
the same protocol. 
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3.9 Data analysis 
All growth profiles were drawn using origin® 2016 with log10 scale for the Y-axis. The 
statistical analysis (ANOVA) was carried out using MINITAB 17®. Furthermore, to 
analyze the growth rate, the doubling time of isolated strains was computed for each 
experimental data. This doubling time was computed using growth rate constant. The 
growth rate constant was obtained by fitting the data to the best prediction of exponential 
growth (generated by excel software). Adopted from Nzila et al.[162], the growth rate 
constant and doubling time were formulated as follow: 
𝑸𝒕 = 𝑸𝟎𝒆
𝒌𝒕       (1) 
𝒅𝒃 =  
𝑳𝒏 (𝟐)
𝒌
      (2) 
Qt and Q0 are bacterial countings at time t and initial bacteria count (in CFU/ml), k is the 
growth rate constant and t is time. db is doubling time which is negatively correlated with 
bacteria growth.  Values for dt were plotted using origin® 2016. 
On the other hand, the degradation rate of pyrene was formulated as follow [163]: 
𝑪𝒕 = 𝑪𝟎𝒆
−𝒌𝒕      (3) 
Which: Ct and C0 are pyrene concentration at time t and initial pyrene concentration (in 









4.1 Isolation of consortia by enrichment 
The Consortia of halophilic bacteria capable of degrading pyrene was selected by 
enrichment at salinity 10%, 20%, and 25% NaCl w/v, using petroleum contaminated soil 
samples. Incubation of liquid media containing soil sample at the aforementioned salinity 
in presence of pyrene (0.1 %, w/v) for 21 days resulted in OD of approximately 1, 
indicating the presence and growth of bacteria. Two consortia were isolated, one 
corresponding to the culture at 10%, 10ConsA, and another at 20% NaCl, and the 
consortium was named 20 ConsB.  On the other hand, the culture medium at 25% NaCl 
did not yield any bacteria. The further step of the investigation was to isolate individual 
colonies present in these consortia. 
4.2 The isolation of individual strains or colonies  
The colonies isolation was carried out by streaking the consortia on agar solid media 
followed by incubation. The solid media consisted of 0.1% (w/v) pyrene in BH agar 
containing the respective NaCl concentrations.  The streaking of consortia on agar plate 
led to the growth of several colonies. The morphological analysis of each solid plate led 
to the isolation of the 2 individual strains from 10ConsA and one single strain from 20 
ConsB. To ascertain the purity of these strains, each of them was transferred to agar 
plates and cultured, and this process was repeated 5 times. 10PY1A and 10PY2B; were 
the strains from 10ConsA, and the strain 20PY1A was identified from 20 ConsB.  
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4.3 Colony Characterization 
These three strains were then characterized by light microscopy and electron microscopy. 
As indicated in Table 4, 10PY1A has a circular form, a flat elevation, and an entire 
margin, with the size of 3.5-4.5 µm in length and 0.4-0.72 µm in width; while 10PY2B 
was punctiform (form), convex (elevation) and entire margin. Its size was 0.79-1.29 µm 
in length and 0.57-0.71 µm in width. The morphological characteristics of 20PY1A are 
identical to 10PY1A (circular, flat, entire) and its size was 1.17-1.75 µm in length and 
0.67-0.83 µm in width. All the 3 strains were gram negative, and 10PY1A and 20PY1A 
are rods, while 10PY2B is a short rod bacterium. The detailed morphological structures 
based on light and electron microscopes are shown in micrographs in Figure 5, Figure 6 
and Figure 7.  






Light microscopy SEM 
Form Elevation Margin (L × W) µm 
10% 
10 PY 1A Negative Circular Flat Entire 4.07 × 0.52 
10 PY 2B Negative Punctiform Convex Entire 0.96 × 0.64  
20% 20 PY 1A Negative Circular Flat Entire 1.53 × 0.75  
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Figure 5. The Morphological observation of isolated strain 10PY1A: A) Colony form 
of isolate; B) micrograph of light microscopy based on ×100 magnification, 
C) micrograph of Scanning Electron Microscope 
B 
C 











Figure 6. The morphological observation of isolated strain 10 PY2B: a) Colony form 
of the isolate, B) micrograph of light microscope based on × 100 
magnification, C) and D) micrographs of Scanning Electron Microscope. 










Figure 7. The morphological characterization of isolated strain 20PY1A: A) Colony 
form of isolate, B) micrograph of light microscope based on ×100 
magnification; C) and D) micrographs of Scanning Electron Microscope 
A B 
C D 
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4.4 Species identification by molecular techniques  
4.4.1 Bacteria preparation 
Each strain of bacteria, 10PY1A, 10PY2B, 20PY1A, was prepared in nutrient media for 
rRNA sequence analysis. Prior, each strain was cultured in huge amount (100 mL) of 
nutrient media in respected salinity then the cell was harvested. These harvested cells 
were sent for analysis of 16s rRNA analysis. 
4.4.2 16s rRNA sequence and species identification 
The molecular identification was performed by 16s ribosomal RNA, partial sequence, 
and this sequence was compared to the available sequences in the database of the 
nucleotide sequence (National Center for Biotechnology Information, NCBI).  The name 
of species was proposed based on 99% homology, and if this homology was less than 
99%, thus the species could not be defined.  
The analysis of 16S rRNA of 10PY1A showed the higher homology of 98% was 
reported as Idiomarina strains. This strain could not be ascribed a species, thus it was 
named Idiomarina sp. On the other hands, strain 10PY2B was identified as Halomonas 
shengliensis and 20PY1A as Halomonas smyrnensis since they share 99% of homology 
with these species. These three strains belong to the class of Gammaproteobacteria (Table 
5). The access numbers of the 16S rRNA sequences of these 3 strains in the NCBI 
database are provided in Table 5.   
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 Table 5. The BLAST analysis of 16s rRNA sequence for each isolate 
Strain similarity Description Accession 
10PY1A 99% Idiomarina sp. KU308250.1 
10PY2B 99% Halomonas shengliensis KU308251.1 
20PY1A 99% Halomonas smyrnensis KU308252.1 
 
4.4.3 Phylogeny tree 
Using the rRNA sequence of isolated strains and rRNA sequence from NCBI database, 
the phylogeny tree had been drawn using MEGA
®
 7 software. Prior, the rRNA sequence 
of isolated strains was aligned using Clustal W from the same software. Then, the 
phylogeny tree was developed to understand the evolutionary history of strains. In brief 
overview, the isolated strain 10PY1A was not genetically related to strains 10PY2B and 
20PY1A (Figure 8). From this phylogeny tree, it was confirmed that strain 10PY1A was 
related to Idiomarina sp. as well as the Idiomarina piscisalsi. Furthermore, this 
phylogeny tree analysis also confirmed that the strains 10PY2B and 20PY1A are 
members of genus Halomonas. Isolate 10PY2B was Halomonas shengliensis and isolate 
20PY1A was Halomonas smyrnensis (Figure 9). 
 39   
 
 




















 Isolated Strain 10PY1A
 Idiomarina piscisalsi
 Idiomarina sp.
 Isolated strain 10PY2B
 Isolated strain 20PY1A
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4.5 The growth of isolates under different environmental conditions 
4.5.1 Standard conditions of growth 
In view of further characterizing these strains, their growth profile was first investigated 
in the normal conditions (37 ⁰C, and pH 7, and salinity 10% NaCl for Idiomarina 
piscisalci 10PY1A and Halomonas shengliensis 10PY2B, and 20% NaCl for Halomonas 
smyrnensis 20PY1A). All cultures were carried out in presence of 2.5 mg of pyrene in 50 
mL BH media. 
The cultures were initiated with 2×10
6
 CFU/mL bacterial counts, and the growth 
was monitored every 3 days by bacterial count. The results are summarized in Figure 10. 
Overall, these strains reached the maximum growth within 6-9 days, with maximum 
count falling between 2-8×10
8
 CFU/mL. The growth profile indicated no significant 
difference among strains (p>0.05). 
The population of strain Idiomarina sp. 10PY1A increased to 566×10
6
 CFU/mL 
after 9 days then decreased to 39×10
6
 CFU/mL at day 18.  Starting with 2.6×10
6
 
CFU/mL, the population of Halomonas shengliensis 10PY2B grew to 257×10
6
 CFU/mL 
then reduced to about 50×10
6
 CFU/mL after 18 days. On the other hand, the population 
of Halomonas smyrnensis 20PY1A reached to 740×10
6
 CFU/mL at day 9. However, the 
population drastically decreased to 4×10
6
 CFU/mL after 18 days (Figure 10). 
The computation of doubling time (dt) revealed the difference of growth among 
strains (p<0.05), Halomonas smyrnensis 20PY1A was the fastest growing strain with a dt 
value at 24 hours. Idiomarina sp. 10PY1A was the second fastest growing isolate (dt= 26 
hours), and the slowest was Halomonas shengliensis 10PY2B (dt = 30 hours) (Figure 11). 




Figure 10. The growth profile of isolates: Idiomarina sp. 10PY1A ( ); 
Halomonas shengliensis 10PY2B ( ); Halomonas smyrnensis 
20PY1A ( ). The Y axis is presented in anti-Log base 10. 
 
Figure 11. The doubling time of isolates at 37 ⁰C, pH 7: (1) Idiomarina sp. 10PY1A; 
(2) Halomonas shengliensis 10PY2B; (3) Halomonas smyrnensis 20PY1A 
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4.5.2 Investigation of the optimum conditions of growth  
To identify the optimum conditions of growth of Idiomarina sp. 10PY1A, Halomonas 
shengliensis 10PY2B and Halomonas smyrnensis 20PY1A, several conditions were 
tested: pH (3, 5, 7 and 9); Temperature (10, 25, 37 and 50 ⁰C), Salinity (0%, 5%, 10%, 
15% and 20%) and amount of pyrene added (0.05, 0.25, 2.5, 5 and 50 mg). 
4.5.2.1 The effect of pH 
Idiomarina sp. 10PY1A 
Starting with 1.3-2×10
6 
CFU/mL, the growth of the Idiomarina sp. 10PY1A increased to 
a maximum count within 9 days at pH 7 and pH 9, and the growth profiles between these 
pHs were not significantly different (p>0.05). Within 9 days, the population reached 
5.66×10
8
 CFU/mL at pH 7 and rose to 5.6×10
8
 CFU/mL bacterial counting at pH 9. 
Opposite, no growth was observed at pH 3 and pH 5. Using computation of doubling 
time (dt), the growth at pH 9 was faster than that at pH 7 since dt was 25 hours for pH 9 
and 26 hours for pH 7. Hence, computation of dt was not carried out at pH 3 and pH 5 
because no growth observed at these pH (figure 15). 
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Halomonas shengliensis 10 PY 2B 
The culture of Halomonas shengliensis 10PY2B was initiated with 2.6-3×10
6
 CFU/mL. 
The population rose to 2.72×10
8
 CFU/mL at pH 7. On the other hand, the population 
grew to maximum bacterial count at 8.9×10
7
 CFU/mL at pH 9. As in the previous 
experiment, no growth was observed at pH 3 and pH 5. The detailed growth profile was 
presented in Figure 13. The computation of dt revealed that at pH 7, the population 
growth was the fastest growth rate since dt was 30 hours and the dt at pH 7 was 41 hours. 
In addition, the dt at pH 3 and pH 5 was not computed since no growth was observed 
(Figure 15). 
Figure 12. The growth profiles of Idiomarina sp. 10PY1A at various pHs: pH 5 (
); pH 7 ( ); pH 9 ( ). No growth of strain at pH 3 
since day 0. Y axis is presented in anti-Log base 10. 
p > 0.05 
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Halomonas smyrnensis 20PY1A 
The growth profile of Halomonas smyrnensis 20PY1A was initiated with 1.5-2.1×10
6
 
CFU/mL. The population grew to 7.4×10
8
 CFU/mL bacterial counting at pH 7 and rose 
to 7.1×10
8
 CFU/mL bacterial counting at pH 9 after 9 days. However, no growth was 
monitored at pH 3 and pH 5. The growth profile of the strains was presented in Figure 14. 
The computation of dt expressed that the growth at pH 9 (dt= 19 hours) was faster than at 
pH 7 (dt= 24 hours) (Figure 15). 
Figure 13. The growth profiles of Halomonas shengliensis 10PY2B at various pHs: 
pH 5 ( ); pH 7 ( ); pH 9 ( ). No growth of strain at 
pH 3 since day 0. Y axis is presented in anti-Log base 10. 
p < 0.05 
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Figure 14. The growth profiles of Halomonas smyrnensis 20PY1A at various pHs: 
pH 5 ( ); pH 7 ( ); pH 9 ( ). No growth of strain at 
pH 3 since day 0. Y axis is presented in anti-Log base 10. 
p > 0.05 
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4.5.2.2 Effect of Temperature 
Idiomarina sp. 10PY1A 
The growth of Idiomarina sp. 10PY1A was started with 1.25×10
6
 CFU/mL. The 
population increased to 2.73-5.66×10
8
 CFU/mL at 10 ⁰C, 25 ⁰C, and 37 ⁰C. However, no 
growth was observed at 50 ⁰C. The detailed growth profile of this strain was presented in 
Figure 16. From the computation of dt, the growth at 25 ⁰C was the fastest rate with 
dt=23 hours followed by that at 37 ⁰C (dt= 25 hours) and that at 10 ⁰C (dt= 27 hours) 
(Figure 19). 
Figure 15. The doubling time at various pHs: Idiomarina sp. 10PY1A ( ); 
Halomonas shengliensis 10PY2B ( ); Halomonas smyrnensis 
20PY1A ( ) 
 
p > 0.05 
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 Halomonas shengliensis 10PY2B 
The growth of Halomonas shengliensis 10PY2B was started with 0.9-2.5×10
6
 CFU/mL 
bacterial count. The maximum bacterial count was achieved within 6-12 days, and all 
temperature gave similar behavior. The population rose to 4.08×10
8
 CFU/mL within 9 
days at 10 ⁰C, increased to 3.22×10
8
 CFU/mL within 6 days at 25 ⁰C and grew to 
2.72×10
6
 CFU/mL within 9 days at 37 ⁰C. Conversely, no growth was observed at 50 ⁰C. 
The growth profile was presented in Figure 17. The computation of dt indicated the 
fastest growth occur at 25 ⁰C (dt= 23 hours) followed by 10 ⁰C (dt= 25 hours) and 37 ⁰C 
Figure 16. The growth profiles of Idiomarina sp. 10PY1A at various 
temperatures: 10 ⁰C ( ); 25 ⁰C ( ); 37 ⁰C ( ); 50 ⁰C 
( ). Y axis was presented in anti-Log base 10. 
 
p > 0.05 
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(dt= 30 hours). Since no growth was observed at 50 ⁰C, no computation of dt was carried 
out (Figure 19). 
 
Halomonas smyrnensis 20PY1A 
Starting with initial culture 1.5-2×10
6
 CFU/mL, the strain was able to grow at maximum 
bacterial count within 9 days. The culture grew to 2.15-5.01×10
8
 CFU/mL at 10 ⁰C, 25 
⁰C, and 37 ⁰C. However, no growth was observed at 50 ⁰C. The growth profile was 
presented in Figure 18. The computation of dt revealed the fastest growth was at 37 ⁰C 
(dt= 24 hours), the second was at 25 ⁰C (dt= 29 hours) and the slowest was at 10 ⁰C (dt= 
Figure 17. The growth profiles of Halomonas shengliensis 10PY2B at various 
temperatures: 10 ⁰C ( ); 25 ⁰C ( ); 37 ⁰C ( ); 50 ⁰C ( ). 
Y axis is presented in anti-Log base 10. 
 
p > 0.05 
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31 hours). However, no computation on dt was carried out at 50 ⁰C since no growth was 
observed (Figure 19). 
 
Figure 18. The growth profiles of Halomonas smyrnensis 20PY1A at various 
temperatures: 10 ⁰C ( ); 25 ⁰C ( ); 37 ⁰C ( ); 50 ⁰C ( ). 
Y axis is represented in anti-Log base 10. 
 
p > 0.05 
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4.5.2.3 The effect of salinity 
Idiomarina sp. 10PY1A 
The growth of Idiomarina sp. 10PY1A was initiated with 1.2-3×10
6
 CFU/mL. The 
culture reached its maximum bacterial count at 6-9 days. The culture grew to 4.35×10
8
 
CFU/mL within 6 days at 5% salinity. Hence, the culture increased to 5.66×10
8
 CFU/mL 
within 9 days at salinity 10%, rose to 3.2×10
7
 CFU/mL within 6 days at salinity 15% and 
reached to 5×10
6
 CFU/mL within 6 days at salinity 20%. However, no growth was 
observed at salinity 0%. The growth profile was presented in Figure 20. The computation 
of dt expressed the best salinity for this strain to grow was at salinity 5% (dt= 18 hours), 
followed by salinity 10% (dt= 26 hours), salinity 15% (dt= 31 hours and the slowest at 
Figure 19. The doubling time at various temperatures: Idiomarina sp. 10PY1A (
); Halomonas shengliensis 10PY2B ( ); Halomonas smyrnensis 
20PY1A ( ) 
 
p > 
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salinity 20% (dt= 136 hours). Since no growth observed at salinity 0%, the computation 
of dt was not carried (Figure 23). 
 
Halomonas shengliensis 10PY2B 
Starting with 0.3-2×10
6
 CFU/mL bacterial count, the growth of Halomonas shengliensis 
10PY2B was monitored. The culture grew to the maximum bacterial count within 6-9 
days. The culture grew to 3.5×10
7
 CFU/mL within 9 days ay salinity 5%, increased to 
2.78×10
8
 CFU/mL within 9 days at salinity 10% and rose to 5×10
6
 CFU/mL within 6 
Figure 20. The growth profiles of Idiomarina sp. 10PY1A at various salinity: 0% (
); 5% ( ); 10% ( ); 15% ( ); 20% ( ). Y axis 
is presented in anti-Log base 10. 
p > 0.05 
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days at salinity 15%. Yet, no growth was observed at salinity 0% and 20%. The growth 
profile was presented in Figure 21. The computation of dt informed that the fastest 
growth was at salinity 10% (dt= 30 hours) followed by salinity 15% (dt= 31 hours) and 
salinity 5% (dt= 38 hours) (Figure 23).  
 
Halomonas smyrnensis 20PY1A 
Using 2.1-3.7×10
6
 CFU/mL as initial culture’s concentration, the monitoring of the 
growth of Halomonas smyrnensis 20PY1A was carried out every 3 days. The maximum 
growth was observed within 6-9 days. The culture increased to 4.1×10
8
 CFU/mL within 9 
Figure 21. The growth profile of Halomonas shengliensis 10PY2B at various 
salinity: 0% ( ); 5% ( ); 10% ( ); 15% ( ); 20% (
). Y axis is presented in anti-Log base 10. 
p < 0.05 
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days at salinity 5%, rose to 9.3×10
8
 CFU/mL within 9 days at salinity 10%, grew to 
9.5×10
8
 CFU/mL within 6 days at salinity 15% and reached to 7.4×10
8
 CFU/mL within 9 
days at salinity 20%. However, no growth was monitored at salinity 0%. The growth 
profile was presented in Figure 22. Hence, using computation of dt, the fastest growth of 
strain was occur at salinity 10% (dt= 15 hours) followed by salinity 15% (dt= 21 hours), 
salinity 20% (dt= 24 hours) and salinity 5% (dt= 28 hours). Yet, no dt was computed at 
salinity 0% since no growth was monitored (Figure 23). 
 
Figure 22. The growth profiles of Halomonas smyrnensis 20PY1A at various 
salinity: 0% ( ); 5% ( ); 10% ( ); 15% ( ); 20% 
( ). Y axis is presented in anti-Log base 10. 
p < 0.05 
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4.5.3 Effect of initial pyrene concentration 
Idiomarina sp. 10PY1A 
The experiment was initiated with bacteria count range from 1.9 to 2.5×10
6
 CFU/mL. 
The growth increased to maximum count within 3 days in presence of 0.05 and 0.25 mg 
of pyrene, range from 0.25 to 1.7×10
8
 CFU/mL. On the other hand, the culture rose to 
0.52×10
8
 CFU/mL within 6 days in presence of 5 mg pyrene and no growth was 
monitored in presence of 50 mg of pyrene. The growth profile is presented in Figure 24. 
The lower the pyrene concentration, the faster the growth: 0.05 mg (dt= 10 hours), 0.25 
Figure 23. The doubling time at various salinity: Idiomarina sp. 10PY1A ( ); 
Halomonas shengliensis 10PY2B ( ); Halomonas smyrnensis 20PY1A 
( ) 
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mg (dt= 17 hours), 2.5 mg (dt= 25 hours), 5 mg (dt= 32 hours) and no computation of dt 
for 50 mg of pyrene as no growth was observed (figure 27). 
 
Halomonas shengliensis 10PY2B 
Using initial culture range from 0.5-2×10
6
 CFU/mL, the growth of strain was observed. 
Within 2 days, the population grew to the maximum count, about 2.6-5.1×10
7
 CFU/mL in 
presence of 0.05 and 0.25 mg of pyrene. On the other hand, the growth of strain rose to 
2.8×10
7
 CFU/mL within 1 day in presence of 5 mg of pyrene and no growth was 
monitored in presence of 50 mg of pyrene. Figure 25 presented the detailed growth 
Figure 24. The growth profiles of Idiomarina sp. 10PY1A at various amount of 
pyrene added (mg): 0.05 ( ); 0.25 ppm ( ); 2.5 ( ); 5 (
); 50 ( ). Y axis is presented in anti-Log base 10. 
p > 0.05 
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profile. The dt become higher at high amount of pyrene (mg): 0.05 (dt= 6 hours), 0.25 
(dt= 15 hours), 2.5 (dt= 30 hours), 5 (dt= 38 hours) and no computed dt for 50 mg of 
pyrene as no population growth was monitored (Figure 27). 
 
Halomonas smyrnensis 20PY1A 
Using the initial culture range 2-4.5×10
6
 CFU/mL, the growth of Halomonas smyrnensis 
20PY1A was monitored. The culture reached maximum counting after 3 days, range from 
0.27-7.4×10
8
 CFU/mL. However, no growth was observed in presence of 50 mg of 
pyrene. Figure 26 represented the detailed growth profile of Halomonas smyrnensis 
20PY1A in presence of various amount of pyrene added. The dt become slower with the 
Figure 25. The growth profiles of Halomonas shengliensis 10PY2B at various 
amount of pyrene added (mg): 0.05 ( ); 0.25 ( ); 2.5 ( ); 
5 ( ); 50 ( ). Y axis is presented in anti-Log base 10. 
p < 0.05 
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increase of amount of pyrene added (mg): 0.05 (dt=9 hours), 0.25 (dt=12 hours), 2.5 
(dt=24 hours), 5 (dt=35 hours) (Figure 27). 
 
Figure 26. The growth profiles of Idiomarina sp. 10PY1A at various amount of 
pyrene added (mg): 0.05 ( ); 0.25 ( ); 2.5 ( ); 5 ( ); 
50 ( ). Y axis is presented in anti-Log base 10. 
p < 0.05 
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4.6 The quantification of pyrene during incubation periods 
4.6.1 Standard curve and the mass spectrum of pyrene 
A series of known samples as an external standard was prepared to compute the pyrene 
concentration. Five different known samples: continuity 0; 0.5; 1.25; 2.5 and 3.75 mg of 
pyrene in 50 mL BH media (0; 10; 25; 50 and 75 mg/L of pyrene), were prepared as than 
extracted using ethyl acetate (liquid-liquid extraction protocol) followed by GC-MS 
analysis. The extracts injected to GC-MS and the chromatographs were obtained. The 
area under the curve showed on chromatography was used to predict the concentration as 
a function of the area under the curve. For each known samples, the area under the curve 
Figure 27. The doubling time at various amount of pyrene added: Idiomarina sp. 
10PY1A ( ); Halomonas shengliensis 10PY2B ( ); Halomonas 
smyrnensis 20PY1A ( ). 
 
p > 0.05 for 20PY1A 
p < 0.05 for 10PY1A and 10PY2B 
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was plotted against the concentration of known sample. The linear function of the graph 
was used later on for computation of unknown samples’ concentration. The result on 
plotting, with R
2
 was 0.996, the concentration as a function of the area under the curve 




       4 
In which, X represented the concentration of pyrene and Y is peak area. The GC peak of 
pyrene came after 47.583 minutes after the injection of the sample into injector of GC-
MS (Figure 29A), and the mass spectrum obtained for pyrene is shown in Figure 29B. 
 
 
amount of pyrene added, mg/L 
Figure 28. The linearity of standard series: amount of pyrene added vs area under 
the curve 
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Figure 29. The chromatograph of peak area of GS-MS (A) and the 
mass spectrum of pyrene (B) 
A 
B 
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4.6.2 The degradation of pyrene by Idiomarina sp. 10PY1A 
The experiment on quantification of pyrene was carried out using liquid-liquid extraction 
procedure followed by GC-MS measurement. This protocol was performed every 3 days 
along with counting the bacteria population. Using 2.5 mg of pyrene (50 mg/L) as initial 
concentration, the culture was incubated at 37 ⁰C and pH 7. Using 1.32×10
6
 CFU/mL as 
initial bacteria count, the population increased to 5.66×10
8
 CFU/mL within 9 days then 
the population decreased to 3.9×10
6
 CFU/mL after 18 days. As the population rose, the 
pyrene concentration decreased to 51% at the end of the experiment. However, the 
abiotic factor reduced of pyrene concentration by 10% after 18 days. Figure 30 
represented the growth profile of bacteria and residual pyrene concentration. Hence, the 
biodegradation rate was computed at 0.046 day
-1
 (Figure 33).  
 
Figure 30. The growth profile of Idiomarina sp. 10PY1A ( ) and the 
residual pyrene concentration during incubation: with inoculum (
); abiotic control ( ) 
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4.6.3 The degradation of pyrene by Halomonas shengliensis 10PY2B 
The experiment was performed exactly as for the previous strain. Starting with 2.5×10
6
 
CFU/mL, the population grew to 2.74×10
8
 CFU/mL within 9 days then reduced to 
6.2×10
6
 CFU/mL after 18 days. Within 18 days, there was only 43% of pyrene 
remaining. However, the abiotic reduction was observed up to 15%. The growth profile 
and residual pyrene concentration were presented in Figure 32. The reduction rate was 
0.0455 day
-1
 (Figure 33). 
 
 
Figure 31. The growth profile of Halomonas shengliensis 10PY2B ( ) and the 
residual pyrene concentration during incubation: sample ( ); control 
( ) 
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4.6.4 The degradation of pyrene by Halomonas Smyrnensis 20PY1A 
The experiment was performed as two previous experiments on pyrene quantification. 
The culture was initiated at 2.17×10
6
 CFU/mL and rose to 7.4×10
8
 CFU/mL within 9 
days then reduced to 4×10
6
 CFU/mL at day 18. Pyrene was remaining at 52% at day 18, 
yet the abiotic reduction of pyrene was 7%. Figure 33 expressed the detailed growth 
profile and residual pyrene concentration. The biodegradation rate was computed about 
0.0495 day
-1
 (Figure 34).   
 
Among these three isolates, strain Halomonas smyrnensis 20PY1A was capable 
of degrading pyrene faster (not significant, p>0.05) than others with degradation rate at 
0.0495 day
-1
. The degradation rate performed by Idiomarina sp. 10PY1A and Halomonas 
Figure 32. The growth profile of Halomonas smyrnensis 20PY1A ( ) and the 
residual pyrene concentration during incubation: with inoculum ( ); 
control ( ) 
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4.7 The capability of isolates to grow in the presence of different types 
of carbon source 
4.7.1 The growth of Idiomarina sp. 10PY1A in the presence of different type 
of carbon sources 
Idiomarina sp. 10PY1A was incubated in the presence of different polyaromatic 
compounds containing three, two or one rings such as phenanthrene (Phen), and 
Anthracene (Anth); also those containing two rings, naphthalene (Naph) and salicylic 
acid (SA). This 2.5 mg PAHs were added individually into 50 mL media and the 
experiments were carried out at 37 ⁰C and pH 7. The counting of bacteria was performed 
every 3 days. With the initial culture about 1×10
6
 CFU/mL, the isolate was capable of 
Figure 33. The degradation rate of pyrene: (1) Idiomarina sp. 10PY1A; (2) 
Halomonas shengliensis 10PY2B; (3) Halomonas smyrnensis 20PY1A  
p > 0.05 
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growing under these aromatic compounds. Starting with 1.2×10
6
 CFU/mL, the population 
increased to 208×10
6
 CFU/mL within 6 days in the presence of phenanthrene. However, 
the population climbed only to 75×10
6
 CFU/mL within 6 days in the presence of 
anthracene. After 18 days, the population jumped below 20×10
6
 CFU/mL in the presence 
of these 3 rings containing PAHs (Phen and Anth). Naphthalene as a sole carbon source 
supported the growth of population to 1400×10
6
 CFU/mL within 6 days. Furthermore, 
the growth of population increased to 2100×10
6
 CFU/mL within 3 days in the presence of 
Salicylic acid (Figure 34). Using the computation of dt, the growth rate was arranged in 
order from the fastest to the slowest as: SA (dt= 14 hours), Naph (dt= 17 hours), Phen 
(dt= 18 hours), Anth (dt= 21 hours) and PYR (dt= 26 hours) (Figure 37). 
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4.7.2 The growth of Halomonas shengliensis 10PY2B under different types 
of carbon source 
The extended experiment was performed to Halomonas shengliensis 10PY2B, some 
different aromatic compounds were also added as sole carbon source. Halomonas 
shengliensis 10PY2B grew under different kind of aromatic compounds: Phen, Anth, 
Naph, and SA. The population grew up to 46×10
6
 CFU/mL within 6 days in the presence 
of phenanthrene. Yet, the population increased to 7.5×10
6
 CFU/mL within 6 days in the 
presence of anthracene. On the other hand, within 6 days, the population rose to 450×10
6
 
CFU/mL in the presence of naphthalene. Hence, within 3 days, the population grew to 
Figure 34. The growth profile of Idiomarina sp. 10PY1A in the presence of 
several aromatic compounds: Phenanthrene ( ), Anthracene (
), Naphthalene ( ), Salicylic acid ( ), pyrene ( ). 
Y axis is presented in anti-Log base 10. 
 
p > 0.05 




 CFU/mL in the presence of salicylic acid (Figure 35). The growth rate can be 
arranged in order from the fastest to the slowest as: SA (dt= 9 hours), Naph (dt= 14 
hours), Phen (dt= 23 hours), Anth (dt= 23 hours) and PYR (dt= 30 hours) (Figure 37). 
 
4.7.3 The growth of Halomonas smyrnensis 20PY1A under different types of 
carbon sources 
Halomonas smyrnensis 20PY1A was tested under several kinds of aromatic compounds: 
Phen, Anth, Naph, and SA. In the presence of Phen, the population grew until 52×10
6
 
CFU/mL within 6 days. The population rose to 75.5×10
6
 CFU/mL within 6 days in the 
Figure 35. The growth profile of Halomonas shengliensis 10PY2B in presence 
of several aromatic compounds: Phenanthrene ( ), Anthracene (
), Naphthalene ( ), Salicylic acid ( ), pyrene ( ). 
Y axis is presented anti Log-base 10. 
p > 0.05 
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presence of Anth. Hence, the population increased to 233×10
6
 CFU/mL within 6 days in 
the presence of Naph as a sole carbon source. Furthermore, the population climbed to 
936×10
6
 CFU/mL in the presence of salicylic acid (Figure 36). The dt revealed growth 
rate as: SA (dt= 14 hours), Naph (dt= 17 hours), Phen (dt= 18 hours), Anth (dt= 21 hours) 
and PYR (dt= 26 hours) (Figure 37). 
 
In general, the dt of the isolate to grow was negatively correlated with a number 
of rings. The lower ring (salicylic acid) is having the shortest doubling time, Idiomarina 
sp. 10PY1A (dt= 14 hours); Halomonas shengliensis 10PY2B (dt= 9 hours); Halomonas 
Figure 36. The growth profile of Halomonas smyrnensis 20PY1A in the presence of 
several aromatic compounds: Phenanthrene ( ), Anthracene ( ), 
Naphthalene ( ), Salicylic acid ( ), pyrene ( ). Y axis is 
presented in anti-Log base 10. 
p > 0.05 
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smyrnensis 20PY1A (dt= 17 hours). Moreover, between the two 3 ring containing PAHs 
tested, isolates grew slower in the presence of Anth compared to the presence of Phen 






Figure 37. The doubling time of isolates in the presence of Phen, Anth, Naph, SA, 
PYR: Idiomarina sp. 10PY1A ( ); Halomonas shengliensis 10PY2B 
( ); Halomonas smyrnensis 20PY1A ( ) 
 




5.1 Isolate characterization: Morphology and Molecular technology 
Three strains were successfully isolated in this study, two were isolated under 10% NaCl 
concentration named 10PY1A and 10PY2B and one strain was isolated from 20% NaCl 
encoded with 20PY1A. Hence, the molecular analysis revealed that 10PY1A belong to 
family Idiomarinaceae and the others to Halomodaceae. 
This study was using strain 10PY1A, genetically closed to Idiomarina sp., and I. 
piscisalsi sp. nov. strain TPS4-2 isolated from pla-ra fish in Thailand. However, the 
morphological characters are different. Idiomarina piscisalsi sp. nov.stain TPS4-2 is a 
slightly curved bacteria with the size of (1.2-2)×(0.3-0.4) µm [164] while Idiomarina sp. 
10PY1A is rod-shape bacteria with size about 4.07×0.52 µm. 
The family of idiomarinaceae consists of two genera, Idiomarina which was first 
proposed by Ivanova et al. [165] and Alidiomarina. Twenty-seven species were officially 
reported as members of genus Idiomarina: I. abyssalis, I. zobellii [165], I. xiamenensis, I. 
aestuarii [166], I. aquamaris [167], I. baltica [168], I. donghaiensis comb. nov., I. 
ivanova, I. marina comb. nov., I. tainensis comb. nov., I. maritima comb. nov., I. 
taiwanensis comb. nov., I. sediminium comb. nov., I. homiensis comb. nov., I. salinarum 
comb. nov., I. insulisalsae sp. nov. [169], I. atlantica sp. nov. [170], I. seosinensis [171] 
I. fontislapidosi sp. nov., I. ramblicola sp. nov. [172] I. halophile [173], I. indica [174], I. 
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loihiensis sp. nov. [175], I. Maris [176], I. Planktonica [177], I. woesei sp. nov. [178], 
and I. piscisalsi [164].  
The genus of Idiomarina can be discovered in a wide range of environmental 
landscape from seashore to volcanic-deepsea. It can grow in slight salinity to hypersaline 
conditions (salinity at 0.5%-more than 20%) [171]. Some studies in Korea successfully 
isolated idiomarina from sea-shore, for example, Idiomarina seosinensis sp. nov. (grow at 
1-20% salt) was isolated from a solar saltern consisting hypersaline water [171]. Another 
strain, Idiomarina homiensis sp. nov, was discovered in seashore sand in Korea living in 
0.5-15% of salt (optimum 3-5%) and pH between 5 and 10 [179]. Some species in 
Idiomarinaceae also lives in an extreme environment along the bottom of the sea. 
Idiomarina loihiensis was firstly discovered in an underwater hydrothermal vent (1300 m 
depth). Since it inhabits extreme conditions, I. loihiensis survives in a wide variation of 
physical conditions, temperatures (4–46 °C) and salinities (from 0.5 to 20% NaCl) [180]. 
In addition, two isolates, 10PY2B and 20PY1A belonging to genera of 
Halomonas were identified in this experiment. These isolates have a rod shape with the 
size range from about 1 µm in length and 0.7 µm in width. This description was in line 
with a description from Poli et al. (2013) in their report of novel species Halomonas 
smyrnensis. Furthermore, their study discovered 4 subspecies of Halomonas smyrnensis, 
and these 4 subspecies, coded with AAD6
T
, AAD4, AA17 and AAD21, were different in 
some aspects. Even these four subspecies are having a rod shape, they are different in the 
colony pigmentation. Subspesies of Halomonas smyrnensis AAD6
T
 was having Dark-
yellow color, AAD21 was having cream-yellow color, AAD4 and AAD17 have a cream 
color [181]. On the other hand, the Halomonas shengliensis 10PY2B which was studied 
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in this experiment, exhibits the same morphological character with Halomonas 
shengliensis SL014B-85
T
, a novel Halomonas species discover in 2007 by Wang et al. 
They described Halomonas shengliensis as rod shape bacteria with the range of size at 
1.0-1.6 in length and 0.6-0.8 in width, moreover their profound study explained that this 
species is having several lateral flagella [182].  
There are 45 species recorded as a part of the genus Halomonas [183]  and most 
of the description indicated that Halomonas is a negative, rod bacteria. However, there 
are variations in this rod shape.  Halomonas salina CECT 5288
T
 was reported to have a 
short rod shape [184] and Halomonas maura CECT 5298
T 
as a curved rod bacteria [185]. 
Moreover, extensive research on Halomonas has been conducted to figure out the 
potency of Halomonas on the production of the biopolymer. Halomonas stenophila 
HK30 [186], Halomonas ventosae and Halomonas anticariensis [187] were scientifically 
proven on their capacity on the production of exopolysaccharides, a biopolymer used for 
its bioactive property and widely utilized in industry, pharmacy, agriculture and many 
fields. Halomonas sp. also studied in levan production [188]. Levan is a microbial 
polysaccharide and one of its function is a raw material for stabilizer, emulsifier, and 
thickener [189]. In addition, some species in the genera of Halomonas were extensively 
studied for its bioremediation aspect. Halomonas organivorans is an efficient halophilic 
bacteria in biodegrading organic compounds like phenol, benzoate, and salicylate [19, 
133, 183].  
This study supported other research on halophilic bacteria to degrade organic 
compounds, especially in PolyAromatic Hydrocarbon. Various environment conditions 
were tested to Idiomarina sp. 10PY1A, Halomonas shengliensis 10PY2B and Halomonas 
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smyrnensis 20PY1A in degrading pyrene (4 rings Aromatic Hydrocarbon) as a sole 
carbon source. 
5.2  Isolates growth at various conditions in the presence of pyrene as a 
sole carbon source 
 
The growth of isolated strain Idiomarina sp. 10PY1A, Halomonas shengliensis 10PY2B 
and Halomonas smyrnensis 20PY1A in the presence of pyrene as a sole carbon source 
was observed within 18 days over various variety of conditions: temperature (10, 25, 37 
and 50 ⁰C), pH (3, 5, 7, 9), salinity [0, 5, 10, 15, 20 % (w/v)], in presence of pyrene (0.05; 
0.25; 2.5, 5, 50 mg in 50 mL BH media).  
 The previous research revealed many capabilities of halophilic in degrading 
pyrene. Pyrene concentrations at 25, 50, 75, 100 mg/L were degraded by Ochrobactrum 
sp. VA1 at 71, 64, 60.5, 32% within 4 days [190]. In addition, Erdogmus et al., (2013) 
revealed that Haloferax sp. C24, Haloferax sp. C27, Halobacterium piscisalsi C37, 
Halobacterium ezzemoulense C41, Halorubrum sp. C43, Halorubrum ezzemoulense C46, 
Halorubrum hispanica C50, Halorubrum salinarum C51, and Haloarcula sp. C52 grew 
up to 160 ppm of pyrene however at 200 ppm of pyrene, these strains were not growing 
[1]. 
5.2.1 The effect of pH on the growth of isolated strains 
Alkaline conditions were optimum for growth of all isolated strains in this study. Thus, 
pH is playing a role in controlling the solubility of pollutant, transport process and 
enzyme activity [144, 190]. Idiomarina sp. 10PY1A, Halomonas smyrnensis 10PY2B 
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and Halomonas shengliensis 20PY1A was non-acidophilic bacteria due to their 
incapability to grow under acidic conditions, pH 3 and pH 5. The acidic conditions 
improve solubility of pyrene, however, such conditions reduce the activity of enzyme 
[192]. This study was inline with Sitdhipol et al., (2013) on Idiomarina piscisalsi sp. 
nov., Poli et al. (2013) on Halomonas smyrnensis sp. nov., Wang et al. (2007) on 
Halomonas shengliensis sp. nov [164, 181, 182].  
On the JCM media (Japan collection of Microorganism) no. 377 with casamino, 
glutamic acid, yeast extract and many minerals, Idiomarina piscislasi sp. nov. was 
capable of growing under pH range 6-9 (optimum at 8) [164]. Since its first report on this 
species was in 2013, no official publication can be found about this species especially its 
application. On the other hand, using the medium A containing yeast extract and other 
minerals, Poli et al. (2013) discovered different pH range from 4 subspecies of 
Halomonas smyrnensis sp. nov. as follow: Halomonas smyrnensis AAD6
T
 (5.5-8.5); 
Halomonas smyrnensis AAD4 (6.5-7.5); Halomonas smyrnensis AAD 17(6.5-7); 
Halomonas smyrnensis AAD21 (6.5-8.0) [181]. This isolate was intensively studied for 
its production of levan [189]. This finding was analogous with the observation of Wang 
et al. [182]. Furthermore, using artificial sea water containing peptone, yeast extract, and 
many minerals, Wang et al. (2007) described that Halomonas shengliensis sp. nov. was 
capable of growing at pH range 8.0-9.0 with the optimum growth observed at pH 8.5 
[182]. The recent study in this species by Gomes et al. [130] revealed that Halomonas 
shengliensis MCAT 10 degraded 57% of pyrene within 20 days under 9% of NaCl at 28 
⁰C, pH of 7 
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Many studies were carried out on the effect of pH on PAHs degradation. optimum 
pyrene degradation of Halophilic Thalassospira sp. TSL5-1 achieved at pH 7.4 (42.5%), 
however at pH 6.1 the degradation fell to 6.2% within 25 days [40]. Phenanthrene, a 3-
ring PAH, was efficiently degraded by Martelella sp AD-3 at pH 9 [137]. On the 
opposite, non-halophile Micobacterium vanbaalenii PYR-1 was able to degrade pyrene 
and phenanthrene faster at pH 6.4, compared with pH 7.5 [192].  
 
5.2.2 The effect of temperature on the growth of isolated strains 
In this study, the effect of various temperature on the growth of the isolated strains has 
been tested in presence of pyrene. These three strains sustained growth at 10, 25 and 37 
⁰C, yet no growth was observed at 50 ⁰C, and the optimum temperature of growth was 
between 25 and 37 ⁰C. This range of temperature resembles the temperature during 
isolation and temperature from the origin of the sample. The annual seawater temperature 
variation in the Arabian gulf is about 19.5-30.9 ⁰C, and the air temperature varied 
between < 10 ⁰C to > 40 ⁰C [43]. 
This study complemented the finding of Sitdhipol et al. on Idiomarina piscisalsi 
sp. nov. which shows the optimum growth of this isolate on JCM media was between 30-
37⁰ C and maximum temperature at 45 ⁰C [164]. More similarity is found with to 
Halomonas shengliensis 10PY2B and Halomonas Smyrnensis 20PY1A since the 
optimum growth in the presence of pyrene recorded at Temperature 25⁰C. However, in 
another study, in which on media A and artificial sea water were used, the optimum 
growth of Halomonas shengliensis and Halomonas smyrnensis were 30 ⁰C and 37 ⁰C, 
respectively [181, 182].  
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Temperature affected the microbial composition and rate of organic compound 
metabolism by isolates [191]. Nedwell, D.B (1999) reported that the temperature affected 
the stability of membrane, causing ineffective and in some condition a failure, of 
protein’s transport. This inefficiency of protein’s transport will influence the capability of 
a microorganism to acquire the substrate accordingly, the deficiency of nutrient occur and 
the retarded growth rate is assured [192, 193]. Yet, the biotransformation or 
biodegradation of organic compound may proceed in certain temperature level [195], 
[196]. Mesocosm study conducted by Cuolon et al. (2005) in the sub-Antarctic 
environment illustrated the feasibility of degradation of organic compounds, TPH and 
PAHs, at temperature 10⁰C [197]. However, the process was slow, in extent, the lag 
phase was longer compare with higher temperature [198]. In general, the degradation of 
PAHs is slower at the lower temperature [198]. The consortium bacteria studied by 
Sartoros et al. (2005) showed the reduction in biodegradation efficiency of pyrene at 
temperature 10 ⁰C, with the degradation efficiency of 2 mg/L of initial pyrene was 
measured at 66.1% (temperature at 25 ⁰C) and 61.5% (temperature at 10 ⁰C) within 100 
days. However, other study found the opposite result [199], the temperature did not 
significantly affect the biodegradation of phenanthrene. The psychrotrophic bacteria from 
the creosote-contaminated site showed no difference in the degradation rate of 
phenanthrene between 10 ⁰C and 25 ⁰C (14%) [199]. 
5.2.3 The effect of salinity on the growth of the isolates 
The isolates had been exposed to several salinity from the absence of NaCl (0%), varied 
to 5, 10, 15 and 20% NaCl. However, none of the isolates could grow in the absence of 
NaCl. This range of salinity resembles the salinity used during isolation. Disintegration or 
 78   
 
dehydration of cell wall become a major impact on salinity alteration, also the depletion 
of dissolved oxygen in environment and reduction of the bioavailability of substrate may 
happen [145].  
The finding of this study was in line with Sitdhipol et al. (2013) on Idiomarina 
piscisalsi sp. nov. which is living in the salinity range of 3%-25% (w/v). Halomonas 
shengiensis sp. nov reported by Wang et al. (2007) grew optimally at 5-15% (w/v) NaCl 
on Medium A [182]. In addition, Halomonas smyrnensis sp. nov.  was reported to grow 
in the salinity range of, 3%-20% (w/v) [181]. 
In another study on PAHs, Halophilic Thalassospira sp. TSL5-1 (isolated at 5% 
NaCl) exhibited a degradation capability of pyrene at moderate salinity: the optimum 
degradation of pyrene by this strain was 3.5-5% NaCl. The degradation rate decreased at 
low salinity 0 and 1.5 %, and at higher salinity (more than 9.5%)  [40]. Likewise the 
consortium of genera Pseudomonas completely degraded phenanthrene (initial 
concentration 100 ppm) within 4 days at salinity 10% and temperature 30⁰ C. However, 
the degradation rate decreased when the salinity increased [15]. 
5.2.4 The effect of initial pyrene concentration on the growth of isolates 
 
The amount of pyrene had been varied, and both pH and temperature were adjusted at 7 
and 37 ⁰C, respectively. Isolate Idiomarina sp. 10PY1A and Halomonas shengliensis 
10PY2B were exposed to 10% NaCl, while Halomonas smyrnensis 20PY1A was grown 
at 20% NaCl.  
The initial pyrene concentration has a negative correlation with the growth rate of 
all isolates in which the three isolates grew faster in low initial pyrene concentration. The 
toxic property of pyrene at higher concentration inhibited the growth of isolates. The 
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study of Feyza et al. (2013) showed the same outcome, there was no growth observed in 
initial pyrene at 200 ppm and in the low pyrene concentration, the growth is limited to the 
availability of carbon source over time [200]. Radzi et al. (2015) confirmed this finding, 
the growth was observed until concentration pyrene at 150 mg/L [201]. However, in their 
research, they claimed that the origin-source of isolate determined the capability of the 
isolate in degrading pyrene.  
5.3  The degradation rate of pyrene by isolated strains 
The isolated strains were grown in the presence of 2.5 mg of pyrene (50 mg/L) at 
temperature 37 ⁰C and pH 7, and the decrease of pyrene in media was monitored. The 
growing isolated strains in BH media were subjected to liquid-liquid extraction followed 
by the GC-MS procedure to measure the residual pyrene concentration.  
The fastest degradation of pyrene was observed with Halomonas smyrnensis 
20PY1A, with the rate of 0.0495 day
-1
, followed by Idiomarina sp. 10PY1A and 
Halomonas shengiensis 10PY2B. Zhou et et al. (2016) discovered that Thalassospira sp. 
strain TSL 5-1 capable of degrading 44% pyrene within 25 days [40]. A Mycobacterium 
sp. strain KR2 was able to degrade 60% of pyrene within 8 days at 20 ⁰C [202]. Another 
research revealed the capability of consortium in degrading pyrene. The consortium of 
Orchrobacter sp., Enterobacter cloacae and Stenotrophomonas maltophilia was able to 
degrade 89%, 88%, 74%, 52% pyrene at 5, 10, 50 and 100 ppm, respectively within 4 
days [203]. 
The genera of Idiomarina and Halomonas were explored for their potency on 
biotechnology. Idiomarina sp. strain N11 was capable of growing in the presence of 
naphthalene, and up to 52.78% was biodegraded from 200 mg/L initial naphthalene 
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within 7 days [146]. Above 400 mg/L of naphthalene, no degradation was observed in 
this strain. Ochrobactrum sp. VA1 showed a decrease of degradation efficiency with the 
increase of pyrene concentration: 25 ppm (71%); 50 ppm (64%); 75% (60.5%); 100 ppm 
(32%) [190]. Other strains of halomonas exhibited various utilities. Halomonas 
stenophila HK30 was utilized to produce haloglycan, an exopolysaccharide [186] and 
Halomonas stenophila sp. nov. produced sulphate exopolysaccharides [204]. Halomonas 
campisalis reported in its biodegradability of benzoate and salicylate [205]. Halomonas 
sp. PH2-2 living at salinity 5-25% was recorded to degrade phenol up to 1100 ppm [206].  
5.4  The growth of isolated strain in the presence of other aromatic 
compounds as a sole carbon source 
The extended study proved the growth of isolates under different Aromatic Compounds: 
Phenanthrene, Anthracene, Naphthalene, and Salicylic Acid as a sole carbon source. In 
general, the number of rings has a negative correlation with the growth rate of isolates. 
SA has the lower number of aromatic compound studied in this experiment and was 
associated with the highest growth for the 3 tested strains.  
A similar conclusion has also been reported by Coulun et al. (2005) on analysis of 
Pyrene, Phenanthrene, dibenzothiophenes, and Naphthalene. The decrease in the 
degradation rate of those compounds was a function of size/number of the ring of PAHs 
[197] for the impact of the substrate solubility. Pseudomonas florescens degraded Anth, 
Phen and PYR to an undetectable level (<0.001 ppm) within 12-80 hours, 12-44 hours, 
24-72 hours [143]. A strain of halophilic may be isolated under certain organic/aromatic 
compound, yet the isolated strain was able to degrade a wide variety of substrate. For 
example, moderately halophilic Halomonas organivorans isolated using benzoic acid was 
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able to degrade many aromatic acids: salicylic, cinnamic, benzoic, phenyl acetic, p-
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CHAPTER 6 
CONCLUSION AND RECOMMENDATION 
6.1  CONCLUSION 
The petroleum contaminated soil sample from sea-shore of Jubail area was used as a 
source of halophilic bacteria capable of degrading pyrene, by enrichment techniques in 
various salinity conditions. Two strains, 10PY1A and 10PY2B, were isolated in 10% 
NaCl salinity,  while one strain, 20PY1A, was isolated at 20% NaCl. Morphological and 
molecular analyses were conducted to ascertain the species: 10PY1A belonged to 
Idiomarina sp., 10PY2B was Halomonas shengliensis and 20PY1A was Halomonas 
smyrnensis. Several tests have been conducted to establish the best condition of growth of 
these bacteria in presence of pyrene. : The variation of temperature (10, 25, 37, 50) ⁰C, 
variation of pH (3, 5, 7, 9), variation of salinity (0, 5, 10, 15, 20) % w/v NaCl, variation 
of initial pyrene concentration (1, 5, 50, 100, 1000) mg/L, and also the several aromatic 
compounds variety have been tested (Phenanthrene, Anthracene, Naphthalene, Salicylic 
acid). 
In addition to the growth profile, the doubling time was used to compare the growth of 
bacteria in various condition. Overall the results show that these three isolates were non-
acidophilic since no growth observed at pH 3 and pH 5, yet, they grew better at an 
alkaline condition, pH 7 and pH 9. The isolated strains also survived at low temperature 
(10⁰C) and no growth monitored at high temperature (50⁰C). Furthermore, the best 
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temperature for all isolated strains to grow was around 25-37⁰C. In addition, no isolated 
strains survived in the absence of NaCl (0% w/v). The optimum salinity of each strain to 
grow was varied: Idiomarina sp. 10PY1A at 5%, Halomonas shengliensis 10PY2B and 
Halomonas smyrnensis 20PY1A at 10%. The initial pyrene concentration also affected 
the growth kinetic, the lower the initial pyrene concentration, the faster the growth of 
strains. On the contrary, no growth was observed at a high concentration of pyrene, 1000 
ppm.  
Finally, the fastest degradation rate was represented by Halomonas smyrnensis 20PY1A 
with the degradation constant at 0.0495/day. Moreover, these isolated strains exhibited a 
wide range of biodegradation capability of aromatic compounds, from 1 ring (salicylic 
acid), 2 rings (Naphthalene), 3 rings (Phenanthrene and Anthracene) up to 4 rings 
(pyrene).  
6.2  RECOMMENDATION 
The writer recommended some future experiments might be done: 
1. To investigate the biochemical pathways of pyrene biodegradation in these strains. 
2. To analyze the production of bio-surfactant by these halophilic bacteria or to add a 
synthetic surfactant to increase the availability of pyrene and other PAHs.  
3.  To carry out various pilot laboratory studies to investigate the ability of these strain 
to biodegrade pyrene in high saline conditions as produced water.  
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